In an earlier study exploring the potential of gene transfer to repair myocardial conduction defects, we observed that myotubes, generated by forced expression of MyoD, exhibit reduced excitability when also modified to express connexin43 (Cx43). We hypothesized that this effect was caused by gap junction-mediated coupling between myotubes and the underlying fibroblast feeder layer. This intriguing possibility has important implications for ongoing efforts to develop strategies for repairing myocardial conduction defects by gene transfer, and also provides novel insights into the electrophysiological function of naturally occurring heterologous cell coupling within the heart. Although a conductive function for fibroblasts through heterologous coupling has previously been reported, the current study provides novel evidence that fibroblasts can modulate cardiomyocyte excitability in a Cx43-dependent manner. In a co-culture study system, neonatal rat cardiomyocytes were grown on monolayers of mouse fibroblasts with genetically altered Cx43 expression and the effect on intrinsic beat frequency examined. Cardiomyocytes grown on wild-type (WT) fibroblasts expressing native levels of Cx43 beat significantly slower than cells grown on fibroblasts devoid of this molecule (germline knockout) or with dominant-negative functional suppression. Expression of Cx43 in fibroblasts from Cx43 knockout mice restored cardiomyocyte beat frequency, to rates comparable with those observed in co-culture with WT fibroblasts.
Genetic manipulation of cellular electrophysiology has significant therapeutic promise in the management of cardiac arrhythmias. 1 In an earlier study, we demonstrated that fibroblasts can be genetically modified to produce excitable cells capable of electrical coupling. 2 In this study, fibroblasts were transduced with a MyoDencoding lentiviral vector to force differentiation into skeletal myotubes, resulting in the acquisition of an excitable phenotype. Gap junctional intercellular communication (GJIC) was achieved by transduction with a connexin43 (Cx43)-encoding vector. An unexplained, but intriguing, observation was a reduction in the excitability of myotubes expressing Cx43. We have hypothesized that the mechanism subserving this effect involves the formation of gap junctions between Cx43-expressing myotubes and the underlying fibroblast feeder layer. Heterologous GJIC-mediated coupling has the potential to reduce myoblast excitability by a direct electrical effect, such as membrane depolarization or by an electrical sink effect. 3 This observation has important implications for therapeutic manipulation of cardiac conduction when GJIC is likely to be altered, and also offers insights into the electrophysiological consequences of naturally occurring heterologous GJIC-mediated coupling between fibroblast and cardiomyocytes in health and disease.
Non-muscle cells, predominantly cardiac fibroblasts, constitute more than half the resident cell population in adult myocardium. 4 A number of biological functions have been attributed to these fibroblasts, including cardiac remodelling and hypertrophy. 5 An electrophysiological function for fibroblasts in the myocardium on the other hand, although likely to exist, has not been elucidated. 6, 7 In primary culture, fibroblasts have been reported to form gap junctions with cardiomyocytes and to conduct electrical impulse between cardiomyocytes. 8 More recently in a heterocellular culture system, cardiac fibroblasts were found to couple cardiomyocyte electrical activity across distances up to 300 mm. 9 In vivo demonstration of this type of electrical propagation in heterologously coupled cells is, however, lacking.
The complex histological architecture of the mammalian sinoatrial node (SAN), composed of heterogeneous but highly organized cells, may also offer important insights into the functional role of fibroblast and cardiomyocyte coupling in vivo. 10 In a recent study of rabbit SAN explants, using in situ dye transfer, gap Figure 1 Schema of connexin43-expressing lentiviral vector constructs. The cDNA for the rat connexin43-GFP (Cx43GFP) fusion gene and a 21-bp Cx43 deletion mutant (Cx43D7) were sub-cloned into the third-generation lentiviral vector construct pRRLsin18.cPPT.CMV. eGFP.WPRE to produce plasmids designated pRRLsin18.cPPT.CMV.Cx43GFP.WPRE (top panel) and pRRLsin18.cPPT.CMV.Cx43D7.WPRE (bottom panel), respectively. Vector stocks encoding these transgenes were produced as described, 14 resulting in vectors designated LVCx43GFP and LVCx43D7. Transduction titers (TU/ml) were assigned on HEK293 cells (Microbix, Toronto, ON, Canada) in the presence of polybrene (8 mg/ml) (SigmaAldrich, St Louis, MO, USA). RSV, Rous sarcoma virus hybrid promoter; SD/SA, splice-donor and spice-acceptor sites; c, packaging and dimerization signal; GAG, fragment of the HIV-1 gag gene; RRE, Rev-responsive element; cPPT, central polypurine tract; CMV, human cytomegalovirus immediate-early promoter; WPRE, Woodchuck hepatitis virus post-transcriptional regulatory element. Figure 2 Connexin43 expression in fibroblasts. Fibroblasts from wild-type (CxWT) and Cx43 germline double-knockout (CxKO) mice (Alan Lau, University of Hawaii, USA), and genetically modified derivatives of these were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (GIBCO-BRL, Gaithersburg, MD, USA). CxWT and CxKO fibroblasts were modified by transduction with LVCx43D7 and LVCx43GFP, respectively, at an MOI of 100 in the presence of polybrene (8 mg/ml). The resultant fibroblast lines, designated CxWT/Cx43D7 and CxKO/Cx43, were stained for Cx43 expression. Briefly, cells were grown in multichamber slides (Nunc), fixed with 4% (w/v) paraformaldehyde (BDH Laboratory Supplies, Auckland, New Zealand) and permeabilized with 0.1% (v/v) Triton X-100 (Amresco Inc., Solon, OH, USA). Cx43 expression (red fluorescence) was detected with a polyclonal rabbit anticonnexin43 antibody (1 in 200 dilution) (Zymed Laboratories Inc., San Francisco, CA, USA) and a Cy3-conjugated secondary (one in 400 dilution) (The Jackson Laboratory, Bar Harbor, ME, USA). Nuclei were counterstained (blue fluorescence) with 40 ng/ml of 4 0 ,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). Labelled cells were imaged using wide-field fluorescent microscopy (Olympus, Shinjuku-ku, Tokyo, Japan) at Â 400 magnification. CxKO cells do not express Cx43 (a, anti-Cx43 and DAPI staining). In contrast, CxWT cells express abundant Cx43 with accumulation at the interface with adjacent cells (b). CxKO/Cx43 cells (c, DAPI staining) reveal both GFP fluorescence (d) and anti-Cx43 staining (e) that colocalize (f). Scale bar ¼ 20 mm.
Role of fibroblasts in cardiac gene therapy E Kizana et al junction-dependent coupling was demonstrated between fibroblast networks and also between fibroblasts and myocytes. 11 However, the electrophysiological consequences of this type of coupling are unknown.
To explore the electrophysiological relationship between non-excitable fibroblasts and cardiomyocytes, and the effect of heterologous coupling as an inadvertent consequence of Cx43 gene transfer, these cell types were studied in co-culture. The dependence of this relationship on gap junctions was elucidated by genetic manipulation of fibroblast Cx43 expression. To facilitate these investigations, fibroblasts from Cx43 germline double-knockout (CxKO) or connexion wild-type (CxWT) mice were genetically modified by the lentiviral vectors LVCx43GFP or LVCx43D7 (Figure 1) , respectively. To assess Cx43 expression in fibroblasts, immunostaining and fluorescent microscopy were performed ( Figure 2 ). Fibroblasts from CxKO mice lacked detectable Cx43 expression, whereas CxWT and CxKO/Cx43 fibroblasts both expressed Cx43. Additionally, anti-Cx43 staining co-localized with green fluorescent protein (GFP) fluorescence in CxKO/Cx43.
To determine the functional effects of altered connexin expression on GJIC in these cells, dye transfer studies were performed ( Figure 3) . These experiments revealed low-level GJIC in CxKO. The addition of 25 mM alphaglycyrhetinic acid (AGA) abolished this residual GJIC, a finding that demonstrates that this effect is mediated by the expression of non-Cx43 connexins, such as connexin45. In contrast, CxWT and CxKO/Cx43 displayed efficient GJIC. Expression of Cx43D7 in CxWT significantly reduced GJIC consistent with a dominant-negative effect. This inhibitory effect would also be conferred on connexin45-based gap junctions through the formation of heteromeric or heterotypic gap junction channels.
To explore the Cx43-dependent effect of fibroblasts on excitable cells, neonatal rat cardiomyocytes (NRCM) beat frequency was assessed in fibroblast co-culture studies (Figure 4 Figure 3 GJIC in fibroblasts with altered connexin43 expression. GJIC was assessed by co-culturing target fibroblasts with calcein-labelled communication-competent HeLaCx43GFP. 15, 16 HeLaCx43GFP, produced by transduction of HeLa cells (ATCC) with LVCx43GFP at an MOI of 50 in the presence of polybrene (8 mg/ml), were cultured in DMEM supplemented with 10% FBS. Cells were loaded with 5 mM gap-junctionpermeable calcein-AM (Molecular Probes, Eugene, OR, USA) and added to confluent monolayers of target cells in multi-well plates at a donor to recipient cell ratio of 1:10. Recipient fibroblasts were studied in the presence and absence of 25 mM AGA (Sigma-Aldrich), a gap junction inhibitor. Following 4 hours of co-culture, cells were collected and GJIC assessed by flow cytometry (Becton Dickinson, Franklin Lakes, NJ, USA). Data are presented as histogram plots of event count versus fluorescence (FL1). Donor and potential-recipient cell events were arbitrarily assigned at 42 Â 10 3 and o1 Â 10 2 fluorescence, respectively. Dye transfer events were assessed between these intensities. CxKO exhibited minimal dye transfer (a, green plot) which was inhibited by the addition of AGA (a, red plot). In contrast, CxWT (b, black plot) revealed highly efficient GJIC (b, green plot). The addition of Cx43GFP to CxKO (c, black plot) resulted in increased baseline fluorescence and restored GJIC (c, green plot). Addition of AGA abolished this effect (c, red plot overlaying black). Consistent with a dominant-negative effect, CxWT/Cx43D7 displayed reduced GJIC (d, blue plot). In contrast CxWT revealed efficient GJIC (d, green plot).
Role of fibroblasts in cardiac gene therapy E Kizana et al context of heterologous cell coupling but also highlight the need to take account of this effect in ongoing studies directed towards therapeutic manipulation of cardiac conduction defects.
The electrophysiological effects of heterologous cell coupling in the heart, both naturally occurring or as a consequence of Cx43 gene transfer, are likely to be of functional importance. Using a co-culture system, we demonstrate for the first time that heterologous coupling of fibroblasts to neonatal rat cardiomyocytes, via gap junctions composed of Cx43, reduces cardiomyocyte beat frequency. This observation is consistent with our earlier published observation that myotubes generated from fibroblasts by forced MyoD expression exhibit reduced excitability in co-culture on a fibroblast feeder layer, 2 and supports our initial hypothesis that the mechanism subserving this effect involves the formation of gap junctions, composed of Cx43, between these cell types.
The spontaneous membrane depolarization that determines beat frequency results from a complex interplay between competing membrane and sarcoplasmic reticulum-based ion currents. 12 For this reason, the likely electronic effects of heterologous coupling will be challenging to dissect and await further study. The simplest explanation is a direct gap junction-mediated electronic capacitance effect, the extent of which could be directly determined in patch-clamp experiments or qualitatively addressed in experiments with varying NRCM to fibroblast ratios. This may cause dilutional spread of depolarizing charge from the excitable cell to coupled fibroblasts, resulting in less efficient attainment of the excitation threshold. Potentially compounding this effect is gap junction-dependent shifts in the resting membrane potential (RMP) of fibroblast-coupled cardiomyocytes, toward that of fibroblasts, resulting in a partially depolarized RMP and reduced current available for depolarization. Alternatively, gap junctions may be a requirement for normal maturation of neonatal cardiomyocytes into adult-type cells. Hence, a reduction in GJIC, either by germline KO or by a dominant-negative gene-transfer effect, may retard maturation resulting in the maintenance of an immature phenotype with persisting increased rates of spontaneous depolarization.
Of these possible mechanisms, those involving direct electrical effects are most relevant to the development of gene-based strategies for the therapeutic manipulation of cardiac conduction in the mature heart. The patterns and levels of exogenous Cx43 expression achieved in targeted regions of the heart will need to be well controlled to achieve the intended effects while avoiding the potential to generate regions with aberrant electrical properties.
Our observation also provides insight into the possible function of heterologous coupling within complex structures such as the SAN. The structural organization of fibroblasts within the SAN and the ordered pattern of connexin expression in these cells strongly implicate an important electrophysiological function of heterologous coupling. 10, 11 Electrical impulse generation and conduction occur in the SAN and both have dependence on membrane excitability. It is likely, therefore, that fibroblasts, via heterologous coupling, exert a modulatory effect on these processes. While a conductive role has previously been reported, 6, 9 this work provides the first evidence that fibroblasts can modulate cardiomyocyte excitability. In the SAN fibroblasts may protect true pacemaker cells from the hyperpolarizing effects of the surrounding atrial myocytes, thereby ensuring continued pacemaker activity. In addition, fibroblasts may inefficiently couple with cardiomyocytes, which has the paradoxical outcome of enhancing the safety of electrical conduction. 13 These potential effects may ensure robust impulse generation and conduction within the SAN. Finally, these data may have practical implications for the transplantation of myogenic cells; variable contamination with fibroblasts could modulate the electrophysiological properties of myogenic cells.
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